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WRWDOHPLVVLRQVRIFDUERQGLR[LGH&2LQWKH(XURSHDQ8QLRQ(8DQGWKHDXWRPRELOHWUDIILFUHSUHVHQWVRI
WKHPWKHDYHUDJH&2HPLVVLRQRIQHZYHKLFOHVVKRXOGEHUHGXFHGWRJNPXQWLOWKH\HDU
'XHWRWKHGLUHFWUHODWLRQEHWZHHQWKHIXHOFRQVXPSWLRQDQGWKHDPRXQWRI&2HPLVVLRQWKHDXWRPRWLYHLQGXVWU\
KDVEHHQIRFXVHGRQWKHGHYHORSPHQWRIGLIIHUHQWDSSURDFKHVIRUGHFUHDVLQJWKHIXHOFRQVXPSWLRQ,QDGGLWLRQWRD
GHFUHDVHRIWKHGULYLQJUHVLVWDQFHDQGDQLQFUHDVHRIWKHHQHUJ\HIILFLHQF\RIWKHHQJLQHVWKHZHLJKWUHGXFWLRQRIWKH
YHKLFOHV DQG DFFRUGLQJO\ OLJKWZHLJKW FRQVWUXFWLRQ DUH RI SDUWLFXODU LPSRUWDQFH$V D UHVXOW RI VWHDGLO\ LQFUHDVLQJ
UHTXLUHPHQWVIRUFRPIRUWDQGGULYLQJG\QDPLFV WKHDSSURDFKHVIRU OLJKWZHLJKWFRQVWUXFWLRQDUHPRVWO\DSSOLHGLQ
WKHIUDPHDQGERG\FRQVWUXFWLRQ
+\EULGFRQVWUXFWLRQVRIVWHHODQGDOXPLQXPDOOR\VFDXVHDGHPDQGIRUORDGDEOHGLVVLPLODUMRLQWVDQGDSSURSULDWHG
MRLQLQJWHFKQRORJLHVUHVSHFWLYHO\7KHUHIRUHVHYHUDOMRLQLQJPHWKRGVIRUK\EULGFRPSRQHQWVRIVWHHODQGDOXPLQXP
DOOR\VDUHDYDLODEOH'XHWRDQLQFUHDVLQJLPSRUWDQFHRILQGXVWULDODXWRPDWLRQDQGDFFHVVLELOLW\IRUIUDPHDQGERG\
FRQVWUXFWLRQVZLWKVWHDGLO\LQFUHDVLQJFRPSOH[LWLHVWKHODVHUEHDPZHOGLQJLVDQDSSURSULDWHMRLQLQJWHFKQRORJ\IRU
WKHVHDSSOLFDWLRQV%HFDXVHWKHODVHUEHDPZHOGLQJLVDWKHUPDOMRLQLQJPHWKRGWKLVWHFKQRORJ\HQWDLOVPHWDOOXUJLFDO
FKDOOHQJHVEHVLGHVLWVDGYDQWDJHV7KHUPDOMRLQLQJPHWKRGVIRUGLVVLPLODUMRLQWVRIVWHHODQGDOXPLQXPDOOR\VFDXVH
WKHIRUPDWLRQRIKDUGDQGEULWWOH LQWHUPHWDOOLFSKDVHVGXH WRD OLPLWHGVROXELOLW\RI WKHELQDU\V\VWHPRI LURQDQG
DOXPLQXPZKLFKGHFUHDVHWKHVWUHQJWKDQGWKHIRUPDELOLW\RIWKHGLVVLPLODUVHDP'LIIXVLRQSURFHVVHVDUHDOUHDG\
DIIHFWLQJWKHPL[LQJUDWLRVRIDOXPLQXPWRLURQRIVROLGVWDWHPDWHULDOVZKHUHE\WKHVHHIIHFWVDUHPXFKKLJKHUIRU
OLTXLGVWDWHPDWHULDOV$VDFRQVHTXHQFHRIWKHQHJDWLYHLQIOXHQFHVRIWKHLQWHUPHWDOOLFSKDVHVRQWKHVWUHQJWKDQGWKH
IRUPDELOLW\RIGLVVLPLODUVHDPVWKHLUIRUPDWLRQVKRXOGSUHYHQWHGDVIDUDVSRVVLEOH

1RPHQFODWXUH
E ZHOGZLGWK
&2 FDUERQGLR[LGH
(8 (XURSHDQ8QLRQ
*0$: JDVPHWDODUFZHOGLQJ
Ȝ ZDYHOHQJWK
3/ ODVHUEHDPSRZHU
W VKHHWWKLFNQHVV
W( SHQHWUDWLRQGHSWK
W($O SHQHWUDWLRQGHSWKLQDOXPLQXPDOOR\
Y ZHOGLQJVSHHG
] IRFDOSRVLWLRQ
6WDWHRIWKH$UW
%HIRUH WKHGHYHORSPHQWRI HIILFLHQW WKHUPDO MRLQLQJPHWKRGV WKHPDQXIDFWXULQJ WHFKQRORJ\ LQ WKH DXWRPRWLYH
LQGXVWU\IRUWKHMRLQLQJRIGLVVLPLODUPDWHULDOVZDVGRPLQDWHGE\PHFKDQLFDOMRLQLQJPHWKRGVHJULYHWWLQJEOLQG
ULYHWLQJ DQG SXQFK ULYHWWLQJ FOLQFKLQJ DQG VFUHZLQJ DV PHQWLRQHG E\ +RUVW DQG %GJDPHWDO
6RPHPHFKDQLFDOMRLQLQJPHWKRGVDVULYHWWLQJRUVFUHZLQJUHTXLUHDGGLWLRQDOFRPSRQHQWVDQGHQWDLOSDUWLDOO\DERWK
VLGHGDFFHVVLELOLW\WRWKHMRLQLQJ]RQH
)XUWKHUPRUH DGKHVLYH ERQGLQJ PHWKRGV DUH IDYRXUDEOH MRLQLQJ WHFKQRORJLHV IRU GLVVLPLODU PDWHULDOV DPRQJ
RWKHUWKLQJVGXHWRWKHUHODWLYHO\ORZSURFHVVWHPSHUDWXUHV7KHDGKHVLYHXWLOL]HGDUHEDVHGRQGLIIHUHQWSRO\PHUVLQ
GHSHQGHQFHRQWKHDSSOLFDWLRQDQGFRQVLVWVRIWHQRIHSR[\UHVLQRUPHWKDFU\ODWHDVPHQWLRQHGE\+RUVWRU
RI FDRXWFKRXF RU SRO\XUHWKDQHV IRU WKH DXWRPRWLYH LQGXVWU\ DVPHQWLRQHG E\ 7KRPDVHWDO$Q HVVHQWLDO
GLVDGYDQWDJHRIDGKHVLYHERQGLQJLVWKHUHTXLUHPHQWIRUDIL[LQJRIWKHMRLQWSDUWQHUGXULQJWKHKDUGHQLQJSURFHVVRI
WKHDGKHVLYHDVPHQWLRQHGE\-RVWHWDO,QDGGLWLRQWKHDGKHVLYHERQGLQJPHWKRGVDUHRIWHQFRPELQHGZLWK
RWKHU MRLQLQJ PHWKRGV HJ UHVLVWDQFH VSRW ZHOGLQJ DV PHQWLRQHG E\ $UQGWHWDO EOLQG ULYHWLQJ SXQFK
ULYHWLQJRUVFUHZLQJDVPHQWLRQHGE\7KRPDVHWDODQGDUHWHUPHGDVK\EULGMRLQLQJ
$VDVROLGVWDWHZHOGLQJSURFHVV WKHIULFWLRQVWLUZHOGLQJLVDOVRDIDYRXUDEOH MRLQLQJWHFKQRORJ\IRUGLVVLPLODU
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PDWHULDOV+RZHYHUWKHWRROVDQGFODPSLQJGHYLFHVIRUIULFWLRQVWLUZHOGLQJDUHH[SRVHGWRKLJKZHDUDQGWHDUGXH
WR UHODWLYHO\ KLJK SURFHVV IRUFHV ZKLFK KDYH WR EH DEVRUEHG E\ WKH FODPSLQJ GHYLFH ZLWK D UREXVW GHVLJQ
)XUWKHUPRUH W\SLFDOZHOGLQJ VSHHGVv UHTXLUHG IRU IULFWLRQ VWLUZHOGLQJDUH UHODWLYHO\ ORZ LQ FRPSDULVRQ WRRWKHU
MRLQLQJ WHFKQRORJLHV ZLWK WKH UHVXOW RI UHODWLYHO\ ORQJ SURFHVV WLPHV DV VKRZQ E\ $SSHODQG&UDPHU
:DWDQDEHHWDO6FKLOOLQJDQG6WURPEHFNDQG-LDQJDQG.RYDFHYLF
%HVLGHVPHFKDQLFDO DQG VROLGVWDWH MRLQLQJ WHFKQRORJLHV WKH DSSOLFDWLRQ RI WKHUPDO MRLQLQJPHWKRGV LQFUHDVHV
VWHDGLO\ IRU GLIIHUHQW MRLQW DVVLJQPHQWV HVSHFLDOO\ LQ WKH DXWRPRWLYH LQGXVWU\ $V D UHVXOW RI H[WHQVLYH UHVHDUFK
DFWLYLWLHVDQGIXQGDPHQWDOGHYHORSPHQWVWKHWKHUPDOMRLQLQJRIGLVVLPLODUMRLQWVRIVWHHODQGDOXPLQXPDOOR\VKDV
EHHQ SURYHQ IRU GLIIHUHQW WKHUPDO MRLQLQJ WHFKQRORJLHV 7KHVH WKHUPDO MRLQLQJ WHFKQRORJLHV DUH WKH ODVHU EHDP
VROGHULQJDQGEUD]LQJDVVKRZQE\1RWKGXUIWHWDODQG'RUQHWDOWKHODVHUEHDPEUD]HZHOGLQJDV
PHQWLRQHG E\0OOHUHWDO WKH ODVHU EHDP ZHOGLQJ HJ SURYHQ E\ .DLHUOHHWDO .DOODJH
6FKLOIHWDODQG6LHUUDHWDO WKHJDVPHWDO DUFZHOGLQJ *0$:DV VKRZQE\$LFKHOHDQG
6WDXEDFKHWDOWKHHOHFWURQEHDPZHOGLQJDVPHQWLRQHGE\/DXDQGWKHODVHU*0$K\EULGZHOGLQJ
DV SURYHQ E\ 0LFKDLORYHWDO DQG 7KRP\HWDO (VSHFLDOO\ ODVHUEDVHG MRLQLQJ PHWKRGV DUH
IDYRXUDEOH IRU GLVVLPLODU MRLQLQJ RI VWHHO DQG DOXPLQXPDOOR\V GXH WR WKHLUV UHODWLYHO\ ORZ DQG FRQWUROODEOH KHDW
LQSXWV
([SHULPHQWDO6HWXSDQG0DWHULDOVXVHG
%HORZ WKH H[SHULPHQWDO VHWXSV XVHG IRU WKH ODVHU EHDP ZHOGLQJ RI GLIIHUHQW GLVVLPLODU MRLQWV RI VWHHO DQG
DOXPLQXPDOOR\VE\ VWHHOVLGHG LUUDGLDWLRQDQG DOXPLQXPVLGHG LUUDGLDWLRQ UHVSHFWLYHO\ DUHSUHVHQWHG LQ6HF
DQGWKHPDWHULDOVXVHGDUHPHQWLRQHGLQ6HF
3.1. Experimental Setup for the Laser Beam Welding of different dissimilar Joints of Steel and Aluminum Alloys 
7KHODVHUEHDPVRXUFHXVHGIRUWKHODVHUEHDPZHOGLQJRIGLIIHUHQWGLVVLPLODUMRLQWVZDVDGLRGHSXPSHGVROLG
VWDWHGLVNODVHU7UXPSI7UX'LVNZLWKDPD[LPXPODVHUEHDPSRZHUPLRIN:DEULOOLDQWEHDPTXDOLW\RI
PLQLPXP PPÂPUDG DQG D ZDYHOHQJWKȜ RI QP 7KH ODVHU EHDP ZHOGLQJ KHDG XWLOL]HG ZDV D
6FDQVRQLF%26) ZLWK D IRFDO OHQJWK RI PP DQG D FROOLPDWLRQ OHQJWK RI PP ,Q DGGLWLRQ WKH %26)
ZHOGLQJRSWLFZDVH[SDQGHGE\DODVHUEHDPVFDQQHU%26)6&$1(*<':),QFRPELQDWLRQZLWKDQ
RSWLFDOILEUHZLWKDGLDPHWHURIPDIRFDOVSRWGLDPHWHURIDERXWPUHVXOWV7KHODVHUEHDPZHOGLQJKHDG
ZDVPRXQWHGRQDVL[D[LVURERWV\VWHP.XND.5+$
7KH LQYHVWLJDWLRQV RQ WKH ODVHU EHDPZHOGLQJRI GLIIHUHQW GLVVLPLODU MRLQWV RI VWHHO DQG DOXPLQXPDOOR\VZHUH
RSHUDWHGE\XVLQJDODVHUEHDPSRZHUPLRIN:DQGE\VHWWLQJWKHIRFDOSRVLWLRQzRIWKHODVHUEHDPRQWRWKH
XSSHUVLGH RI WKH VKHHW RI WKH DOXPLQXP DOOR\ IRU GLVVLPLODU ODS ZHOGV ZLWK VWHHOVLGHG LUUDGLDWLRQ DV ZHOO DV
DOXPLQXPVLGHG LUUDGLDWLRQ 7KH H[SHULPHQWDO VHWXS XVHG IRU WKH VWHHOVLGHGO\ ODVHU EHDP ZHOGLQJ RI GLIIHUHQW
GLVVLPLODUODSZHOGVRIVWHHODQGDOXPLQXPDOOR\VDQGDVFKHPDWLFLOOXVWUDWLRQRIVHWWLQJWKHIRFDOSRVLWLRQzRIWKH
ODVHUEHDPIRUVWHHOVLGHGLUUDGLDWLRQDUHVKRZQLQ)LJ

 
)LJ([SHULPHQWDOVHWXSIRUWKHODVHUEHDPZHOGLQJRIGLIIHUHQWGLVVLPLODUODSZHOGVRIVWHHODQGDOXPLQXPDOOR\VVWHHOVLGHGLUUDGLDWLRQ
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7KH FODPSLQJGHYLFH XVHG IRU WKH MRLQLQJRI GLVVLPLODU ODSZHOGV RI VWHHO DQG DOXPLQXP DOOR\V E\ VWHHOVLGHG
LUUDGLDWLRQDVZHOODVDOXPLQXPVLGHGLUUDGLDWLRQLVVKRZQLQ)LJ

  
)LJ&ODPSLQJGHYLFHIRUWKHODVHUEHDPZHOGLQJRIGLIIHUHQWGLVVLPLODUODSZHOGVRIVWHHODQGDOXPLQXPDOOR\V
'XULQJWKHVXEVHTXHQWO\SUHVHQWHGLQYHVWLJDWLRQVWKHDUUDQJHPHQWRIWKHEDVHPDWHULDOVLQDODSMRLQWLUUDGLDWLRQ
GLUHFWLRQ DVZHOO DV WKHZHOG W\SHDUHYDULHG7KHUHE\ WKHZHOG W\SHZDVPRGLILHG IURP ODSZHOG WR ILOOHWZHOG
GXULQJWKHLQYHVWLJDWLRQVRQDOXPLQXPVLGHGO\ZHOGHGGLVVLPLODU MRLQWVGXHWRDKLJKHUVXLWDELOLW\IRU WKLV MRLQLQJ
DVVLJQPHQW7KHKLJKHUVXLWDELOLW\RIILOOHWZHOGVLVEDVHGRQWKHSRVVLELOLWLHVIRUDOLPLWDWLRQRIWKHDPRXQWRIPHOWHG
DOXPLQXPDOOR\DQGDVDFRQVHTXHQFHIRUDEHWWHUFRQWURORIWKHPL[LQJUDWLRVRIDOXPLQXPWRLURQLQWKHZHOGPHWDO
+HQFH WKH IRUPDWLRQ RI LQWHUPHWDOOLF SKDVHV DQG FUDFNV GHFUHDVHV )RU WKH UHDOL]DWLRQ RI MRLQLQJ GLVVLPLODU ILOOHW
ZHOGVWKHD[LVRIODVHUEHDPUHTXLUHVDQSRVLWLRQLQJE\XVLQJUHODWLYHO\KLJKLUUDGLDWLRQDQJOHVZLWKWKHUHVXOWRID
UHTXLUHPHQWIRUDPRGLILFDWLRQRIWKHFODPSLQJGHYLFH7KHVHLQYHVWLJDWLRQVZHUHRSHUDWHGE\FHQWUDOO\VHWWLQJWKH
IRFDOSRVLWLRQzRIWKHODVHUEHDPLQWRWKHILOOHWEHWZHHQWKHVKHHWVRIWKHWZRMRLQWSDUWQHUV7KHH[SHULPHQWDOVHWXS
PRGLILHGIRU WKHDOXPLQXPVLGHGO\ODVHUEHDPZHOGLQJRIGLIIHUHQWGLVVLPLODUILOOHWZHOGVRIDOXPLQXPDOOR\VDQG
VWHHODQGDVFKHPDWLFLOOXVWUDWLRQRIVHWWLQJWKHIRFDOSRVLWLRQzRIWKHODVHUEHDPIRUDOXPLQXPVLGHGLUUDGLDWLRQDUH
VKRZQLQ)LJ

 
)LJ([SHULPHQWDOVHWXSIRUWKHODVHUEHDPZHOGLQJRIGLIIHUHQWGLVVLPLODUILOOHWZHOGVRIDOXPLQXPDOOR\VDQGVWHHODOXPLQXPVLGHG
LUUDGLDWLRQ
3.2. Materials used 
7KH PDWHULDOV XVHG IRU WKH LQYHVWLJDWLRQV RQ ODVHU EHDP ZHOGLQJ RI GLIIHUHQW GLVVLPLODU MRLQWV RI VWHHO DQG
DOXPLQXPDOOR\VZHUHWKHVWHHOPDWHULDOV+;/$'=0Q%$6DQGDVZHOODVWKHDOXPLQXP
DOOR\$$77KHVKHHWWKLFNQHVVtIRUWKHVDPSOHVRIWKH]LQFFRDWHGPLFURDOOR\HGILQHJUDLQVWUXFWXUDOVWHHO
+;/$'=ZDVPP,QDGGLWLRQIRUWKHODVHUEHDPZHOGLQJRIPDWHULDOSDLULQJVZLWKWKH]LQFFRDWHG
VWHHO D JDSZLGWK RI PP EHWZHHQ WKH MRLQW SDUWQHUV ZDV VHW WR HQDEOH WKH SRVVLELOLW\ IRU DQ RXWJDVVLQJ RI
RFFXUUHQW]LQFYDSRXU)RUWKHXOWUDKLJKVWUHQJWKVWHHOIRUKRWVWDPSLQJ0Q%$6SUHVVKDUGHQHGVKHHWVZLWK
DVKHHWWKLFNQHVVtRIPPZHUHXVHG7KHVKHHWWKLFNQHVVtIRUWKHVDPSOHVRIWKHDXVWHQLWLFFKURPLXPQLFNHO
VWHHOZDVPPDQGPPIRUWKHVDPSOHVRIWKHDOXPLQXPDOOR\$$7UHVSHFWLYHO\$VDPSOH
VL]HIRUHDFKPDWHULDORIPP[PPDQGDODSZLGWKRIPPZHUHXVHG
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(YDOXDWLRQ3URFHGXUH
:LWKLQWKHVFRSHRIWKHGHYHORSPHQWRIWKHODVHUEHDPZHOGLQJSURFHVVIRUGLIIHUHQWGLVVLPLODUMRLQWVRIVWHHODQG
DOXPLQXPDOOR\VWKHLQIOXHQFHVRIWKHHQHUJ\SHUXQLWOHQJWKWKHPDWHULDOJUDGHWKHVKHHWWKLFNQHVVtWKHZHOGW\SH
ODSZHOG ILOOHWZHOGDQG WKHDUUDQJHPHQWRI WKHEDVHPDWHULDOV LQD ODS MRLQW DOXPLQXPVLGHG LUUDGLDWLRQVWHHO
VLGHGLUUDGLDWLRQDPRQJRWKHUWKLQJVRQWKHDFKLHYDEOHVWUHQJWKVDUHDQDO\]HG7KHFKDUDFWHUL]DWLRQRIWKHGLVVLPLODU
MRLQWVLQFOXGHVPHWDOORJUDSKLFDQDO\VHVDQGWHQVLOHVKHDUWHVWLQJGHSHQGLQJRQWKHHQHUJ\SHUXQLWOHQJWK
7KH PHWDOORJUDSKLF DQDO\VHV RI FURVVVHFWLRQV FRQWDLQ WKH HYDOXDWLRQ UHJDUGLQJ WKH RFFXUUHQFH RI ZHOG
LPSHUIHFWLRQVDVZHOODVWKHGHWHUPLQDWLRQRIWKHZHOGZLGWKbDQGWKHSHQHWUDWLRQGHSWKLQDOXPLQXPDOOR\tE, AlLQ
GHSHQGHQFHRQ WKHHQHUJ\SHUXQLW OHQJWK WKHPDWHULDOJUDGH WKHVKHHW WKLFNQHVVt WKHZHOG W\SHODSZHOGILOOHW
ZHOGDQGWKHDUUDQJHPHQWRIWKHEDVHPDWHULDOVLQDODSMRLQWDOXPLQXPVLGHGLUUDGLDWLRQVWHHOVLGHGLUUDGLDWLRQ
$VDFRQVHTXHQFHRIDQHWFKLQJSURFHVVZLWKLQWKHVFRSHRIDPHWDOORJUDSKLFVDPSOHSUHSDUDWLRQWKHPLFURVWUXFWXUH
RIWKHZHOGPHWDOWKHKHDWDIIHFWHG]RQHWKHEDVHPDWHULDODQGLQWHUPHWDOOLFSKDVHVDSSHDUGLIIHUHQWO\LQWHUPVRI
FRORXU
7KH WHQVLOH VKHDU WHVWLQJZDVRSHUDWHG DFFRUGLQJ WR(1,62ZLWK D WHVWLQJ VSHHGRIPPPLQ DQGE\
XVLQJ WHQVLOH VKHDU VDPSOHVZLWK DZLGWKRIPP D OHQJWKRIPPDQGDQ ODSZLGWKRIPP)RU HDFK
SDUDPHWHUFRQILJXUDWLRQLQYHVWLJDWHGZLWKLQWKHWHQVLOHVKHDUWHVWLQJDQDPRXQWRIILYHWHQVLOHVKHDUVDPSOHVZHUH
WHVWHG
5HVXOWVDQG'LVFXVVLRQ
%HORZ WKH UHVXOWV RI WKHPHWDOORJUDSKLF DQDO\VHVRIGLIIHUHQW ODVHUEHDPZHOGHGGLVVLPLODU MRLQWVRI VWHHO DQG
DOXPLQXPDOOR\VDUHSUHVHQWHG LQ6HFDQG LQ6HFWKHUHVXOWVRI WKH WHQVLOHVKHDU WHVWLQJDUHPHQWLRQHG$
W\SLFDOSLFWXUHRIDSURFHVVPRQLWRULQJFDPHUDRIDODVHUEHDPZHOGLQJSURFHVVIRUWKHMRLQLQJRIGLIIHUHQWGLVVLPLODU
MRLQWVRIVWHHODQGDOXPLQXPDOOR\VDUHH[HPSODULO\VKRZQLQ)LJ


)LJ/DVHUEHDPZHOGLQJRIGLIIHUHQWGLVVLPLODUMRLQWVRIVWHHODQGDOXPLQXPDOOR\V
,Q)LJIDFHRIZHOGRIGLIIHUHQWVWHHOVLGHGO\ODVHUEHDPZHOGHGGLVVLPLODUMRLQWVRIVWHHODQGDOXPLQXPDOOR\V
MRLQHG E\ XVLQJ GLIIHUHQW VWHHO PDWHULDOV +;/$'=  DQG 0Q%$6 DQG WKH SURFHVV
SDUDPHWHUVGHQRWHGLQWKHSUHYLRXV6HFDUHH[HPSODULO\VKRZQ

  
)LJ)DFHRIZHOGRIGLIIHUHQWVWHHOVLGHGO\ODVHUEHDPZHOGHGGLVVLPLODUMRLQWVRIVWHHODQGDOXPLQXPDOOR\V+;/$'=DQG
$$7>OHIW@DQG$$7>FHQWHU@DQG0Q%$6DQG$$7>ULJKW@
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)DFHRIZHOGRIGLIIHUHQW DOXPLQXPVLGHGO\ ODVHUEHDPZHOGHGGLVVLPLODU MRLQWVRI DOXPLQXPDOOR\VDQG VWHHO
MRLQHGE\XVLQJGLIIHUHQWZHOGW\SHVODSZHOGDQGILOOHWZHOGDQGWKHSURFHVVSDUDPHWHUVGHQRWHGLQWKHSUHYLRXV
6HFDUHH[HPSODULO\VKRZQLQ)LJ

  
)LJ)DFHRIZHOGRIDGLVVLPLODUODSZHOGRI$$7DQG>OHIW@DQGRIDGLVVLPLODUILOOHWZHOGRI$$7DQG>ULJKW@
5.1. Metallographic Analyses 
7KHIROORZLQJVHFWLRQSUHVHQWVWKHUHVXOWVRIWKHPHWDOORJUDSKLFDQDO\VHVRIWKHLQYHVWLJDWHGGLIIHUHQWGLVVLPLODU
MRLQWV RI VWHHO DQG DOXPLQXP DOOR\V 7KH GHSLFWLRQ RI WKH UHVXOWV LV GLYLGHG LQWR WZR VHFWLRQV GHSHQGLQJ RQ WKH
LUUDGLDWLRQ VLGH DQG WKH DUUDQJHPHQW RI WKH EDVHPDWHULDOV LQ D ODS MRLQW DOXPLQXPVLGHG LUUDGLDWLRQ VWHHOVLGHG
LUUDGLDWLRQUHVSHFWLYHO\7KHLQYHVWLJDWLRQVRQVWHHOVLGHGO\ODVHUEHDPZHOGHGGLIIHUHQWGLVVLPLODUMRLQWVDUHVKRZQ
LQLWLDOO\$IWHUZDUGVWKHUHVXOWVRIWKHPHWDOORJUDSKLFDQDO\VHVRIWKHDOXPLQXPVLGHGO\ZHOGHGGLIIHUHQWGLVVLPLODU
MRLQWVDUHSUHVHQWHG
7KHPHWDOORJUDSKLFDQDO\VHVRIGLVVLPLODUMRLQWVZHOGHGE\XVLQJDVWHHOVLGHGLUUDGLDWLRQDUHVKRZQEHORZIRU
WKH PDWHULDO SDLULQJ RI +;/$'= t PP DQG $$7 t PP DW ILUVW 7KH SUHVHQWHG
GLVVLPLODUZHOGLQJVHDPVZHUHMRLQHGZLWKDYDULHGHQHUJ\SHUXQLWOHQJWKE\XVLQJWKHSURFHVVSDUDPHWHUVGHQRWHG
LQWKHSUHYLRXV6HF:LWKLQWKHFRQWH[WRIWKHVHLQYHVWLJDWLRQVWKHYDULDWLRQRIWKHHQHUJ\SHUXQLWOHQJWKZDV
RSHUDWHG E\ YDU\LQJ WKHZHOGLQJ VSHHGv ZKLOH UHWDLQLQJ WKH IXUWKHU SURFHVV SDUDPHWHUV FI6HF &RUUHODWLQJ
FURVVVHFWLRQV RI ODVHU EHDP ZHOGHG GLVVLPLODU MRLQWV RI +;/$'= t PP DQG $$7
t PPZLWKDYDULHGHQHUJ\SHUXQLWOHQJWKDUHVKRZQLQ)LJ

  
)LJ&URVVVHFWLRQVRIODVHUEHDPZHOGHGGLVVLPLODUMRLQWVRI+;/$'=t PPDQG$$7t PPZLWKDYDULHG
HQHUJ\SHUXQLWOHQJWKRIN-P>OHIW@N-P>FHQWHU@DQGN-P>ULJKW@
,Q WKH LPDJHV RI WKHVH FURVVVHFWLRQV WKHXSSHU VKHHW DOZD\V FRQVLVWV RI WKH VWHHOPDWHULDO+;/$'=
t PP DQG ZDV LQ HDFK FDVHV RULHQWHG WRZDUGV WKH LUUDGLDWLRQ GLUHFWLRQ RI WKH ODVHU EHDP 7KH ORZHU
SRVLWLRQHGMRLQWSDUWQHULVDOZD\VDVKHHWRIWKHDOXPLQXPDOOR\$$7t PP2YHUDOOWKHHQHUJ\SHU
XQLWOHQJWKLQIOXHQFHVWKHSHQHWUDWLRQGHSWKtEDQGWKHZHOGZLGWKbZKHUHE\WKHUDWLRRIPHOWHGDOXPLQXPDOOR\WR
PHOWHG VWHHO DQG DFFRUGLQJO\ WKH UDWLR RI DOXPLQXP WR LURQ LQ WKH ZHOG PHWDO LV DOVR DIIHFWHG ,Q )LJ WKH
SHQHWUDWLRQGHSWKLQDOXPLQXPDOOR\tE, AlDQGWKHZHOGZLGWKbLQGHSHQGHQFHRQWKHHQHUJ\SHUXQLWOHQJWKRIODVHU
EHDPZHOGHGGLVVLPLODUMRLQWVRI+;/$'=t PPDQG$$7t PPDUHVKRZQ

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
)LJ3HQHWUDWLRQGHSWKLQDOXPLQXPDOOR\tE, AlDQGZHOGZLGWKbLQGHSHQGHQFHRQWKHHQHUJ\SHUXQLWOHQJWKRIODVHUEHDPZHOGHGGLVVLPLODU
MRLQWVRI+;/$'=t PPDQG$$7t PP
7KHSHQHWUDWLRQGHSWK LQDOXPLQXPDOOR\tE, Al WKHZHOGZLGWKbDQGDFFRUGLQJ WR WKLV WKHUDWLRRIDOXPLQXPWR
LURQLQWKHZHOGPHWDOLQFUHDVHZLWKDQLQFUHDVLQJHQHUJ\SHUXQLWOHQJWK$VDUHVXOWRIDQLQFUHDVLQJHQHUJ\SHUXQLW
OHQJWK WKHDOXPLQXPFRQFHQWUDWLRQ LQ WKHZHOGPHWDODQGDVDFRQVHTXHQFH WKH IRUPDWLRQRI LQWHUPHWDOOLFSKDVHV
DOVRLQFUHDVHV7KHDOWHUDWLRQLQWKHPL[LQJUDWLRRIDOXPLQXPWRLURQLQWKHZHOGPHWDOLQGHSHQGHQFHRQWKHHQHUJ\
SHUXQLWOHQJWKDUHGHWHFWHGE\FRPSDULQJWKHDSSHDUDQFHRIWKHFURVVVHFWLRQVVKRZQLQ)LJ'XHWRDGHSHQGHQFH
RIWKHPL[LQJUDWLRRQWKHDSSHDUDQFHRIWKHZHOGPHWDOLQWHUPVRIFRORXUDVDFRQVHTXHQFHRIDQHWFKLQJSURFHVV
ZLWKLQ WKH VFRSHRI DPHWDOORJUDSKLF VDPSOHSUHSDUDWLRQZHOGPHWDOV MRLQHGE\XVLQJ LQFUHDVLQJ HQHUJ\SHUXQLW
OHQJWKDSSHDU LQEULJKWHUFRORXUDWLRQVZLWK LQFUHDVLQJDPRXQWVRI OLJKWJUH\DUHDV)XUWKHUPRUH WKHFURVVVHFWLRQ
LOOXVWUDWHGLQ)LJUHVXOWLQJIURPDQHQHUJ\SHUXQLWOHQJWKRIN-PLVFKDUDFWHUL]HGE\FUDFNVHVSHFLDOO\LQ
WKHXSSHUWKLUGRIWKHZHOGPHWDODVDFRQVHTXHQFHRIDUHODWLYHO\KLJKPL[LQJUDWLRRIDOXPLQXPWRLURQLQWKHZHOG
PHWDO
'XULQJ WKHVXEVHTXHQWO\SUHVHQWHG LQYHVWLJDWLRQV WKHVWHHOPDWHULDODVZHOODV WKHVKHHW WKLFNQHVVtRI WKHVWHHO
PDWHULDODUHYDULHG ,QVWHDGRIPLFURDOOR\HG ILQHJUDLQVWUXFWXUDO VWHHO DXVWHQLWLFFKURPLXPQLFNHO VWHHOPDWHULDO
ZDVXVHG)XUWKHUPRUH WKH VKHHW WKLFNQHVVt RI WKH VWHHOPDWHULDOZDV LQFUHDVHG IURP WRPP'XH WR D
GLVWLQFWLQFUHDVHRIWKHVKHHWWKLFNQHVVtRIWKHVWHHOPDWHULDORIDKLJKHUHQHUJ\SHUXQLWOHQJWKLVQHFHVVDU\
IRUDVLPLODUZHOGVKDSHDOWKRXJKWKHWKHUPDOFRQGXFWLYLW\RIDXVWHQLWLFVWHHOVLVORZHUWKDQWKHWKHUPDOFRQGXFWLYLW\
RIIHUULWLFVWHHOPDWHULDOVZKHUHE\IRUDXVWHQLWLFVWHHOVE\XVLQJVLPLODUVKHHW WKLFNQHVVHVtRI WKHVWHHOPDWHULDOVD
ORZHUHQHUJ\SHUXQLWOHQJWKZRXOGEHVXIILFLHQW,Q)LJFURVVVHFWLRQVRIODVHUEHDPZHOGHGGLVVLPLODUMRLQWVRI
 t PP DQG $$7 t PP MRLQHG ZLWK D YDULHG HQHUJ\ SHU XQLW OHQJWK E\ XVLQJ WKH
SURFHVVSDUDPHWHUVGHQRWHGLQWKHSUHYLRXV6HFDUHVKRZQ

  
)LJ&URVVVHFWLRQVRIODVHUEHDPZHOGHGGLVVLPLODUMRLQWVRIt PPDQG$$7t PPZLWKDYDULHGHQHUJ\SHUXQLW
OHQJWKRIN-P>OHIW@N-P>FHQWHU@DQGN-P>ULJKW@
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$OWRJHWKHU WKH HQHUJ\ SHU XQLW OHQJWK LQIOXHQFHV DQDORJRXVO\ WR WKH SUHYLRXV PDWHULDO SDLULQJ RI
+;/$'=t PPDQG$$7t PPWKHSHQHWUDWLRQGHSWKtEWKHZHOGZLGWKbDQGWKH
UDWLR RI DOXPLQXP WR LURQ LQ WKH ZHOG PHWDO 7KH UHODWLYHO\ KLJK GLIIHUHQFH LQ WKH VKHHW WKLFNQHVVt RI WKH VWHHO
PDWHULDO DQG WKHPDWHULDO SURSHUWLHV FKDQJHGFDXVH DPRQJRWKHU WKLQJVD VXGGHQ WUDQVLWLRQ IURPZHOGLQ LQWR WKH
ORZHUSRVLWLRQHG MRLQWSDUWQHU WR IXOOSHQHWUDWLRQZLWK WKH UHVXOW WKDW WKHZHOGLQJSURFHVV UHDFWVPRUH VHQVLWLYH WR
KLJKHULQSXWVRIHQHUJ\SHUXQLWOHQJWK7KLVUHODWLRQPD\EHSUHIHUHQWLDOO\DWWULEXWHGWRWKHXQIDYRXUDEOHWKLFNQHVV
UDWLRRI WKHPHWDO VKHHWVSRVLWLRQHG LQ D ODS MRLQW$V D FRQVHTXHQFHRI DQ HWFKLQJSURFHVVZLWKLQ WKH VFRSHRI D
PHWDOORJUDSKLFVDPSOHSUHSDUDWLRQWKHLQWHUPHWDOOLFSKDVHVZHUHGLVVROYHGRXWRIWKHZHOGPHWDOZLWKWKHUHVXOWWKDW
WKHVH DUHDV DSSHDU GDUN RQ LPDJHV RI FRUUHVSRQGLQJ FURVVVHFWLRQV )RU ZHOGLQJ VHDPV ZLWK D UHODWLYHO\ ORZ
SHQHWUDWLRQGHSWKLQDOXPLQXPDOOR\tE, AlWKHLQWHUPHWDOOLFSKDVHVRFFXUPDLQO\LQWKHDUHDRIWKHLQWHUPHWDOOLFSKDVH
VHDPZKLFKLVDOZD\VSRVLWLRQHGLQFURVVVHFWLRQLQYHUWLFDOGLUHFWLRQDWWKHORZHUERUGHURIWKHZHOGPHWDOLQWKH
VKHHW RI WKH ORZHU SRVLWLRQHG MRLQW SDUWQHU ,Q FRQWUDVW GLVVLPLODU MRLQWV ZLWK D IXOO SHQHWUDWLRQ RI WKH ORZHU
SRVLWLRQHG MRLQW SDUWQHU DQG DFFRUGLQJ WR WKDWZLWKPXFK KLJKHU DOXPLQXP FRQFHQWUDWLRQV LQ WKHZHOGPHWDO DQG
FRQVLGHUDEO\KLJKHUDPRXQWVRILQWHUPHWDOOLFSKDVHVUHVSHFWLYHO\DUHFKDUDFWHUL]HGE\RYHUWKHZKROHZHOGPHWDO
DOORFDWHGLQWHUPHWDOOLFSKDVHVEHVLGHVWKHLQWHUPHWDOOLFSKDVHVHDPHYHQWKRXJKWKHKLJKHVWFOXVWHURILQWHUPHWDOOLF
SKDVHVLVDOVRORFDWHGLQWKHLQWHUPHWDOOLFSKDVHVHDP)XUWKHUPRUHWKHFURVVVHFWLRQLOOXVWUDWHGLQ)LJUHVXOWLQJ
IURPDQHQHUJ\SHUXQLW OHQJWKRIN-P LV FKDUDFWHUL]HGE\FUDFNV HVSHFLDOO\ LQ WKHXSSHUKDOIRI WKHZHOG
PHWDO DV D FRQVHTXHQFH RI D UHODWLYHO\ KLJKPL[LQJ UDWLR RI DOXPLQXP WR LURQ LQ WKHZHOGPHWDO ,Q )LJ WKH
SHQHWUDWLRQGHSWKLQDOXPLQXPDOOR\tE, AlDQGWKHZHOGZLGWKbLQGHSHQGHQFHRQWKHHQHUJ\SHUXQLWOHQJWKRIODVHU
EHDPZHOGHGGLVVLPLODUMRLQWVRIt PPDQG$$7t PPDUHVKRZQ



)LJ3HQHWUDWLRQGHSWKLQDOXPLQXPDOOR\tE, AlDQGZHOGZLGWKbLQGHSHQGHQFHRQWKHHQHUJ\SHUXQLWOHQJWKRIODVHUEHDPZHOGHGGLVVLPLODU
MRLQWVRIt PPDQG$$7t PP
$QDORJRXVO\WRWKHSUHYLRXVO\SUHVHQWHGUHVXOWVDQLQFUHDVHRIWKHHQHUJ\SHUXQLWOHQJWKFDXVHVDQLQFUHDVHRI
WKHSHQHWUDWLRQGHSWKLQDOXPLQXPDOOR\tE, AlWKHZHOGZLGWKbDQGDFFRUGLQJWRWKLVRIWKHUDWLRRIDOXPLQXPWRLURQ
LQWKHZHOGPHWDO$VDUHVXOWRIDQLQFUHDVLQJHQHUJ\SHUXQLWOHQJWKWKHDOXPLQXPFRQFHQWUDWLRQLQWKHZHOGPHWDO
DQG DV D FRQVHTXHQFH WKH IRUPDWLRQ RI LQWHUPHWDOOLF SKDVHV DOVR LQFUHDVHV ,Q FRPSDULVRQZLWK WKH UHVXOWV RI WKH
LQYHVWLJDWLRQV RQ WKH SUHYLRXVO\ SUHVHQWHG PDWHULDO SDLULQJ FI)LJ DQG )LJ RI +;/$'=
t PPDQG$$7t PPDQGLQFRQVLGHUDWLRQRIWKHUHVXOWVRIWKHWHQVLOHVKHDUWHVWLQJZKLFK
ZLOO EH VKRZQ LQ WKH VXEVHTXHQW VHFWLRQ6HF WKH GLVVLPLODU MRLQWV RI  t PP DQG $$7
t PP DUH FKDUDFWHUL]HG E\ KLJKHU ZHOG ZLGWKVb IRU ZHOGLQJ VHDPV MRLQHG E\ XVLQJ DQ HQHUJ\ SHU XQLW
OHQJWKZKLFKLVORZHUWKDQWKHHQHUJ\SHUXQLWOHQJWKGHWHUPLQHGZLWKUHJDUGWRDPD[LPXPIRUWKHWUDQVPLVVLRQRI
WHQVLOHVKHDUIRUFHV7KLVUHODWLRQPD\EHSUHIHUHQWLDOO\DWWULEXWHGWRWKHKLJKHUVKHHWWKLFNQHVVtRIWKHVWHHOPDWHULDO
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ZKHUHE\DKLJKHUHQHUJ\SHUXQLW OHQJWK LVQHFHVVDU\IRUD IXOOSHQHWUDWLRQRI WKHXSSHU MRLQWSDUWQHUVR WKDWDVD
FRQVHTXHQFHKLJKHUZHOGZLGWKVbDUHUHVXOWLQJ
'XULQJWKHVXEVHTXHQWO\SUHVHQWHGLQYHVWLJDWLRQVWKHDUUDQJHPHQWRIWKHEDVHPDWHULDOVLQDODSMRLQWLUUDGLDWLRQ
GLUHFWLRQ DVZHOO DV WKHZHOG W\SH DUH YDULHG ,QVWHDG RI VWHHOVLGHG LUUDGLDWLRQ DOXPLQXPVLGHG LUUDGLDWLRQZDV
XVHG'XHWRUHODWLYHO\KLJKGLIIHUHQFHVLQWKHPDWHULDOSURSHUWLHVRIDOXPLQXPDOOR\VDQGVWHHOPDWHULDOVHJKLJKHU
WKHUPDOFRQGXFWLYLWLHVKLJKHUUHIOHFWLYLWLHVDQGDFFRUGLQJO\ORZHUDEVRUSWLYLWLHVRIUDGLDWLRQVZLWKDZDYHOHQJWKȜRI
QPIRUVROLGVWDWHDOXPLQXPGLVWLQFWO\KLJKHULQSXWVRIHQHUJ\SHUXQLWOHQJWKDUHQHFHVVDU\LQFRPSDULVRQWR
WKH VWHHOVLGHGO\ZHOGHG MRLQWV ,Q DGGLWLRQ WKHZHOG W\SHZDVPRGLILHG IURP ODSZHOG WR ILOOHW ZHOG GXULQJ WKH
LQYHVWLJDWLRQV RQ DOXPLQXPVLGHGO\ZHOGHG GLVVLPLODU MRLQWV 7KH SUHVHQWHG UHVXOWV RI WKH LQYHVWLJDWLRQV RQ ODVHU
EHDP ZHOGLQJ ZLWK DQ DOXPLQXPVLGHG LUUDGLDWLRQ FRQWDLQ EHVLGHV WKH SUHYLRXVO\ VKRZQ PDWHULDO SDLULQJV LQ
DGGLWLRQ $$7 t PP DQG 0Q%$6 t PP ,Q )LJ FURVVVHFWLRQV RI DOXPLQXP
VLGHGO\ZHOGHGGLVVLPLODUODSZHOGVRIWZRGLIIHUHQWPDWHULDOSDLULQJVMRLQHGE\XVLQJDQHQHUJ\SHUXQLWOHQJWKRI
N-PDQGWKHSURFHVVSDUDPHWHUVGHQRWHGLQWKHSUHYLRXV6HFDUHVKRZQ

  
)LJ&URVVVHFWLRQVRIGLVVLPLODUODSZHOGVRI$$7t PPDQG+;/$'=t PP>OHIW@DQG$$7
t PPDQG0Q%$6t PP>ULJKW@
,Q WKH LPDJHV RI WKHVH FURVVVHFWLRQV WKH XSSHU VKHHW DOZD\V FRQVLVWV RI WKH DOXPLQXP DOOR\ $$7
t PP DQG ZDV LQ HDFK FDVHV RULHQWHG WRZDUGV WKH LUUDGLDWLRQ GLUHFWLRQ RI WKH ODVHU EHDP 7KH ORZHU
SRVLWLRQHG MRLQW SDUWQHU LV LQ ERWK FDVHV D VKHHW RI WKH VWHHO PDWHULDO +;/$'= t PP DQG
0Q%$6t PPUHVSHFWLYHO\(VSHFLDOO\WKHDUHDVRIWKHZHOGPHWDOSRVLWLRQHGLQFURVVVHFWLRQLQ
YHUWLFDOGLUHFWLRQLQWKHVKHHWRIWKHXSSHUSRVLWLRQHGMRLQWSDUWQHUDUHFKDUDFWHUL]HGE\FUDFNVZLWKWKHUHVXOWRID
FRPSOHWHVHSDUDWLRQRIPDWHULDOVLQWKHZHOGPHWDODVDFRQVHTXHQFHRIDUHODWLYHO\KLJKPL[LQJUDWLRRIDOXPLQXP
WR LURQ'XH WR WKH KLJK UHTXLUHG LQSXWV RI HQHUJ\ SHU XQLW OHQJWK DPRQJ RWKHU WKLQJV D VXGGHQ WUDQVLWLRQ IURP
LQVXIILFLHQW ODFNRI IXVLRQ WR IXOO SHQHWUDWLRQRI WKH ORZHU SRVLWLRQHG MRLQW SDUWQHU RFFXUVZLWK WKH UHVXOW WKDW WKH
ZHOGLQJSURFHVVUHDFWVPRUHVHQVLWLYHWRKLJKHULQSXWVRIHQHUJ\SHUXQLWOHQJWK$FFRUGLQJWRWKLVDZHOGLQLQWRWKH
ORZHUSRVLWLRQHGMRLQWSDUWQHUZLWKRXWIXOOSHQHWUDWLRQZDVQRWREWDLQHG7KXVWKHLQIOXHQFHRIWKHHQHUJ\SHUXQLW
OHQJWKRQWKHVHQVLWLYLW\RI WKHDOXPLQXPVLGHGO\ODVHUEHDPZHOGLQJSURFHVV LVPRUHGLVWLQFWO\ WKDQRQWKHVWHHO
VLGHGO\ODVHUEHDPZHOGLQJSURFHVVDVVKRZQIRUWKHSUHYLRXVO\SUHVHQWHGPDWHULDOSDLULQJFI)LJDQG)LJ
RI  t PP DQG$$7 t PP$V VRRQ DV WKH XSSHU SRVLWLRQHG VKHHW RI WKH DOXPLQXP
DOOR\REWDLQVIXOOSHQHWUDWLRQWKHORZHUSRVLWLRQHGVKHHWRIWKHVWHHOPDWHULDODOVRREWDLQVIXOOSHQHWUDWLRQGXHWRWKH
UHDOLWYHO\KLJKHQHUJ\SHUXQLWOHQJWK
2YHUDOOWKHZHOGLQJVHDPVRIDOOWKHWKUHHGLIIHUHQWPDWHULDOSDLULQJVLQYHVWLJDWHGDUHFKDUDFWHUL]HGE\YHU\KLJK
PL[LQJ UDWLRV RI DOXPLQXP WR LURQ LQ WKH ZHOG PHWDO DQG H[FHVVLYH IRUPDWLRQ RI LQWHUPHWDOOLF SKDVHV DQG
FRQVHTXHQWO\DOVRRIFUDFNV$FFRUGLQJWRWKLVDODSZHOGLVDQXQIDYRXUDEOHZHOGW\SHIRUWKHODVHUEHDPZHOGLQJ
RIGLVVLPLODU MRLQWVRIVWHHODQGDOXPLQXPDOOR\VE\XVLQJDOXPLQXPVLGHGLUUDGLDWLRQ,QFRQWUDVW ILOOHWZHOGVDUH
PXFKPRUHDSSOLFDEOHIRUWKLVMRLQLQJDVVLJQPHQWGXHWRWKHSRVVLELOLWLHVIRUDOLPLWDWLRQRIWKHDPRXQWRIPHOWHG
DOXPLQXPDOOR\DQGDVDFRQVHTXHQFHIRUDEHWWHUFRQWURORIWKHPL[LQJUDWLRVRIDOXPLQXPWRLURQLQWKHZHOGPHWDO
+HQFHWKHIRUPDWLRQRILQWHUPHWDOOLFSKDVHVDQGFUDFNVGHFUHDVHV,Q)LJDFURVVVHFWLRQRIDQDOXPLQXPVLGHGO\
ZHOGHGGLVVLPLODUILOOHWZHOGRI$$7t PPDQGt PPMRLQHGE\XVLQJDQHQHUJ\SHU
XQLWOHQJWKRIN-PDQGWKHSURFHVVSDUDPHWHUVGHQRWHGLQWKHSUHYLRXV6HFLVVKRZQ

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
)LJ&URVVVHFWLRQRIDGLVVLPLODUILOOHWZHOGRI$$7t PPDQGt PP
,QWKHLPDJHRIWKLVFURVVVHFWLRQWKHXSSHUVKHHWFRQVLVWVRIWKHDOXPLQXPDOOR\$$7t PPDQG
ZDVRULHQWHGWRZDUGVWKHLUUDGLDWLRQGLUHFWLRQRIWKHODVHUEHDP7KHORZHUSRVLWLRQHGMRLQWSDUWQHULVDVKHHWRIWKH
VWHHOPDWHULDOt PP)XUWKHUPRUHWKHZHOGZLGWKbLVVFKHPDWLFDOO\GHOLQHDWHGE\DUHGPDUNLQWKH
FRUUHVSRQGLQJLPDJHRIWKHFURVVVHFWLRQRIWKHGLVVLPLODUILOOHWZHOGDQGDPRXQWVWRDERXWP(VSHFLDOO\LQ
WKHFRQWDFWDUHDEHWZHHQWKHGLVVLPLODUMRLQWSDUWQHUVRUUDWKHULQWKHLPSDFW]RQHRIWKHODVHUEHDPWKHLQWHUPHWDOOLF
SKDVHVRFFXUPDLQO\ ,QDGGLWLRQ WKHDOXPLQXPVLGHGO\ZHOGHGGLVVLPLODU ILOOHWZHOGVDUHFKDUDFWHUL]HGE\D ORZ
RFFXUUHQFHRIFUDFNVLQWKHZHOGPHWDODVDFRQVHTXHQFHRIWKHPL[LQJUDWLRRIDOXPLQXPWRLURQLQWKHZHOGPHWDO
5.2. Tensile Shear Testing 
7KHIROORZLQJVHFWLRQSUHVHQWVWKHUHVXOWVRIWKHWHQVLOHVKHDUWHVWLQJRIWKHLQYHVWLJDWHGGLIIHUHQWGLVVLPLODUMRLQWV
RI VWHHO DQG DOXPLQXP DOOR\V 7KH WHQVLOH VKHDU WHVWLQJ FRQWDLQV DPRQJ RWKHU WKLQJV WKH GHWHUPLQDWLRQ RI WHQVLOH
VKHDU IRUFHV LQ GHSHQGHQFHRQ WKH HQHUJ\SHUXQLW OHQJWK$QDORJRXVO\ WR WKHSUHYLRXVO\ SUHVHQWHG UHVXOWV RI WKH
PHWDOORJUDSKLFDQDO\VHVRIGLIIHUHQWGLVVLPLODUMRLQWVFI6HFWKHGHSLFWLRQRIWKHVHUHVXOWVLVGLYLGHGLQWRWZR
VHFWLRQVGHSHQGLQJRQWKHLUUDGLDWLRQVLGHDQGWKHDUUDQJHPHQWRIWKHEDVHPDWHULDOVLQDODSMRLQWDOXPLQXPVLGHG
LUUDGLDWLRQ VWHHOVLGHG LUUDGLDWLRQ UHVSHFWLYHO\ 7KH LQYHVWLJDWLRQV RQ VWHHOVLGHGO\ ODVHU EHDP ZHOGHG GLIIHUHQW
GLVVLPLODU MRLQWV DUH VKRZQ LQLWLDOO\ $IWHUZDUGV WKH UHVXOWV RI WKH WHQVLOH VKHDU WHVWLQJ RI WKH DOXPLQXPVLGHGO\
ZHOGHGGLIIHUHQWGLVVLPLODUMRLQWVDUHSUHVHQWHG
7KHUHVXOWVRIWKHWHQVLOHVKHDUWHVWLQJRIGLVVLPLODUMRLQWVZHOGHGE\XVLQJDVWHHOVLGHGLUUDGLDWLRQDUHVKRZQ
EHORZ IRU WKH PDWHULDO SDLULQJ RI +;/$'= t PP DQG $$7 t PP DW ILUVW 7KH
SUHVHQWHGGLVVLPLODUZHOGLQJVHDPVZHUHMRLQHGZLWKDYDULHGHQHUJ\SHUXQLWOHQJWKE\XVLQJWKHSURFHVVSDUDPHWHUV
GHQRWHG LQ WKH SUHYLRXV 6HF 7KH FRUUHVSRQGLQJ FURVVVHFWLRQV RI ODVHU EHDP ZHOGHG GLVVLPLODU MRLQWV RI
+;/$'=t PPDQG$$7t PPZLWKDYDULHGHQHUJ\SHUXQLWOHQJWKDUHSUHYLRXVO\
VKRZQLQ)LJ:LWKLQWKHFRQWH[WRIWKHVHLQYHVWLJDWLRQVWKHYDULDWLRQRIWKHHQHUJ\SHUXQLWOHQJWKZDVRSHUDWHG
E\YDU\LQJWKHZHOGLQJVSHHGvZKLOHUHWDLQLQJWKHIXUWKHUSURFHVVSDUDPHWHUVFI6HF,Q)LJWKHPD[LPXP
WHQVLOH VKHDU IRUFH LQ GHSHQGHQFH RQ WKH HQHUJ\ SHU XQLW OHQJWK RI ODVHU EHDP ZHOGHG GLVVLPLODU MRLQWV RI
+;/$'=t PPDQG$$7t PPE\XVLQJGLIIHUHQWZHOGLQJVSHHGVvDUHVKRZQ


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
)LJ0D[LPXPWHQVLOHVKHDUIRUFHLQGHSHQGHQFHRQWKHHQHUJ\SHUXQLWOHQJWKRIODVHUEHDPZHOGHGGLVVLPLODUMRLQWVRI+;/$'=
t PPDQG$$7t PP
,Q)LJ WKHPD[LPXPWHQVLOHVKHDU IRUFH LQGHSHQGHQFHRQ WKHHQHUJ\SHUXQLW OHQJWKRI ODVHUEHDPZHOGHG
GLVVLPLODU MRLQWV RI  t PP DQG$$7 t PP E\ XVLQJ GLIIHUHQWZHOGLQJ VSHHGVv DUH
VKRZQ


)LJ0D[LPXPWHQVLOHVKHDUIRUFHLQGHSHQGHQFHRQWKHHQHUJ\SHUXQLWOHQJWKRIODVHUEHDPZHOGHGGLVVLPLODUMRLQWVRIt PP
DQG$$7t PP
$W ILUVW WKH SHQHWUDWLRQ GHSWKtE DQG WKH ZHOG ZLGWKb LQFUHDVH ZLWK DQ LQFUHDVLQJ HQHUJ\ SHU XQLW OHQJWK
FI)LJ DQG )LJ IRU ERWK PDWHULDO SDLULQJV RI +;/$'= t PP DQG $$7
t PPDQGt PPDQG$$7t PPUHVSHFWLYHO\7KLVUHODWLRQLVVFKHPDWLFDOO\
GHOLQHDWHGE\DJUHHQOLQHLQWKHFRUUHVSRQGLQJ)LJDQG)LJUHVSHFWLYHO\%HVLGHVDQLQFUHDVLQJSHQHWUDWLRQ
GHSWKtEDQGZHOGZLGWKbDVDFRQVHTXHQFHWKHUDWLRRIDOXPLQXPWRLURQLQWKHZHOGPHWDODOVRLQFUHDVHVZLWKDQ
LQFUHDVLQJ HQHUJ\ SHU XQLW OHQJWK FI)LJ DQG )LJ$V D UHVXOW RI DQ LQFUHDVLQJ HQHUJ\ SHU XQLW OHQJWK WKH
DOXPLQXPFRQFHQWUDWLRQLQWKHZHOGPHWDODQGDFFRUGLQJWRWKLVWKHIRUPDWLRQRILQWHUPHWDOOLFSKDVHVDOVRLQFUHDVHV
7KHUHE\DOLPLWDWLRQRIWKHDFKLHYDEOHPD[LPXPWHQVLOHVKHDUIRUFHVUHVXOWVZKLFKLVVFKHPDWLFDOO\GHOLQHDWHGE\D
UHGOLQHLQWKHFRUUHVSRQGLQJ)LJDQG)LJUHVSHFWLYHO\VRWKDWDQRSWLPXPIRUWKHVWUHQJWKRIVWHHOVLGHGO\
ODVHU EHDPZHOGHG GLVVLPLODU MRLQWV LV H[LVWLQJ )RU ERWKPDWHULDO SDLULQJV SUHVHQWHG WKHPD[LPXP WHQVLOH VKHDU
IRUFHVRI WKHVHVWHHOVLGHGO\ODVHUEHDPZHOGHGGLVVLPLODU MRLQWVDFKLHYHGDPRXQW WRDERXWN1FI)LJDQG
)LJ'LIIHUHQFHVDUHHVSHFLDOO\H[LVWLQJZLWKUHJDUGWRWKHHQHUJ\SHUXQLW OHQJWKN-PDQGN-P
UHVSHFWLYHO\ZKRVHMRLQWVDPD[LPXPIRUWKHWUDQVPLVVLRQRIWHQVLOHVKHDUIRUFHVDFKLHYHG7KLVUHODWLRQLVDPRQJ
RWKHU WKLQJVSUHIHUHQWLDOO\DWWULEXWHG WR WKHUHODWLYHO\KLJKGLIIHUHQFHV LQ WKHVKHHW WKLFNQHVVtRI WKHVWHHOPDWHULDO
PPDQGPPUHVSHFWLYHO\DQGWKHPDWHULDOSURSHUWLHVFKDQJHG
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'XH WR WKH UHVXOWV RI WKHPHWDOORJUDSKLF DQDO\VHV RI WKH GLVVLPLODU ODSZHOGV FI)LJZLWK UHJDUG WR KLJK
DPRXQWVRI FUDFNV DQG FRPSOHWH VHSDUDWLRQRIPDWHULDOV LQ WKHZHOGPHWDO DV D FRQVHTXHQFHRI D UHODWLYHO\KLJK
PL[LQJUDWLRRIDOXPLQXPWR LURQ LQ WKHZHOGPHWDO WHQVLOHVKHDU WHVWLQJVIRU WKLVZHOG W\SHRIDOXPLQXPVLGHGO\
ZHOGHGGLVVLPLODUMRLQWVKDYHQRWEHHQFDUULHGRXW,QFRQWUDVWWKHDOXPLQXPVLGHGO\ZHOGHGGLVVLPLODUILOOHWZHOGV
ZHUHFKDUDFWHUL]HGE\WHQVLOHVKHDUWHVWLQJ7KHPD[LPXPWHQVLOHVKHDUIRUFHVIRUGLVVLPLODUILOOHWZHOGVDPRXQWVWR
DERXW N1 DQG ZHUH DFKLHYHG E\ MRLQWV RI WKH PDWHULDO SDLULQJ RI $$7 t PP DQG 
t PP MRLQHGE\XVLQJDQHQHUJ\SHUXQLW OHQJWKRIN-PDQGWKHSURFHVVSDUDPHWHUVGHQRWHGLQ WKH
SUHYLRXV6HF7KHZHOGZLGWKbRIWKHVHGLVVLPLODUILOOHWZHOGVDPRXQWVWRDERXWP)XUWKHULQYHVWLJDWLRQV
RQ DOXPLQXPVLGHGO\ ODVHU EHDP ZHOGLQJ RI GLVVLPLODU ILOOHW ZHOGV E\ XVLQJ EHDP RIIVHWV DQG DGGLWLRQDOO\ RU
VHSDUDWHO\WUDQVYHUVHEHDPRVFLOODWLRQPD\LQFUHDVHWKHZHOGZLGWKbDQGDVDFRQVHTXHQFHWKHDFKLHYDEOHPD[LPXP
WHQVLOH VKHDU IRUFHV DV IDU DV WKH DOWHUDWLRQVZLOO QRW HIIHFWXDWHG DQXQIDYRXUDEOH LQFUHDVHRI WKHPL[LQJ UDWLR RI
DOXPLQXPWRLURQLQWKHZHOGPHWDO
6XPPDU\DQG&RQFOXVLRQ
7KH LQYHVWLJDWLRQV SUHVHQWHG VKRZ LQIOXHQFHV RI WKH HQHUJ\ SHU XQLW OHQJWK WKH PDWHULDO JUDGH WKH VKHHW
WKLFNQHVVtWKHZHOGW\SHODSZHOGILOOHWZHOGDQGWKHDUUDQJHPHQWRIWKHEDVHPDWHULDOVLQDODSMRLQWDOXPLQXP
VLGHG LUUDGLDWLRQ VWHHOVLGHG LUUDGLDWLRQ RQ WKH DFKLHYDEOH VWUHQJWKV DQG WKHZHOG VKDSH RI GLIIHUHQW ODVHU EHDP
ZHOGHGGLVVLPLODUMRLQWVRIVWHHODQGDOXPLQXPDOOR\V$WILUVWWKHSHQHWUDWLRQGHSWKtEDQGWKHZHOGZLGWKbLQFUHDVH
ZLWK DQ LQFUHDVLQJ HQHUJ\ SHU XQLW OHQJWK FI)LJDQG)LJ %HVLGHV DQ LQFUHDVLQJ SHQHWUDWLRQ GHSWKtE DQG
ZHOGZLGWKbDVDFRQVHTXHQFH WKHUDWLRRIDOXPLQXPWR LURQ LQ WKHZHOGPHWDODOVR LQFUHDVHVZLWKDQ LQFUHDVLQJ
HQHUJ\ SHU XQLW OHQJWK FI)LJDQG)LJ $V D UHVXOW RI DQ LQFUHDVLQJ HQHUJ\ SHU XQLW OHQJWK WKH DOXPLQXP
FRQFHQWUDWLRQLQWKHZHOGPHWDODQGDFFRUGLQJWRWKLVWKHIRUPDWLRQRILQWHUPHWDOOLFSKDVHVDOVRLQFUHDVHV7KHUHE\D
OLPLWDWLRQ RI WKH DFKLHYDEOH PD[LPXP WHQVLOH VKHDU IRUFHV UHVXOWV DQG DPRXQWV WR DERXW N1
FI)LJDQG)LJ%DVHGRQWKHVHUHODWLRQVDQREWDLQPHQWRIUHODWLYHO\ORZSHQHWUDWLRQGHSWKVtELQWKHORZHU
SRVLWLRQHG MRLQW SDUWQHU DQG DV KLJK DV SRVVLEOH ZHOG ZLGWKVb DUH DGYDQWDJHRXVO\ IRU GLVVLPLODU ODS MRLQWV ZLWK
UHJDUGWRDPD[LPXPIRUWKHWUDQVPLVVLRQRIWHQVLOHVKHDUIRUFHV
'XH WR UHODWLYHO\ KLJKGLIIHUHQFHV LQ WKHPDWHULDO SURSHUWLHV RI DOXPLQXPDOOR\V DQG VWHHOPDWHULDOV GLVWLQFWO\
KLJKHULQSXWVRIHQHUJ\SHUXQLWOHQJWKDUHQHFHVVDU\IRUDOXPLQXPVLGHGO\ODVHUEHDPZHOGLQJRIGLVVLPLODUMRLQWVLQ
FRPSDULVRQ WR VWHHOVLGHGO\ZHOGHG MRLQWV 2YHUDOO WKH DOXPLQXPVLGHGO\ ZHOGHG GLVVLPLODU ODSZHOGV RI DOO WKH
WKUHHGLIIHUHQWPDWHULDOSDLULQJVLQYHVWLJDWHGDUHFKDUDFWHUL]HGE\YHU\KLJKPL[LQJUDWLRVRIDOXPLQXPWRLURQLQWKH
ZHOGPHWDODQGH[FHVVLYHIRUPDWLRQRILQWHUPHWDOOLFSKDVHVDQGFRQVHTXHQWO\DOVRRIFUDFNVFI)LJ$FFRUGLQJ
WRWKLVDODSZHOGLVDQXQIDYRXUDEOHZHOGW\SHIRUWKHODVHUEHDPZHOGLQJRIGLVVLPLODUMRLQWVRIVWHHODQGDOXPLQXP
DOOR\V E\ XVLQJ DOXPLQXPVLGHG LUUDGLDWLRQ ,Q FRQWUDVW ILOOHW ZHOG DUH PXFK PRUH DSSOLFDEOH IRU WKLV MRLQLQJ
DVVLJQPHQWGXHWRWKHSRVVLELOLWLHVIRUDOLPLWDWLRQRIWKHDPRXQWRIPHOWHGDOXPLQXPDOOR\DQGDVDFRQVHTXHQFH
IRUDEHWWHUFRQWURORIWKHPL[LQJUDWLRVRIDOXPLQXPWRLURQLQWKHZHOGPHWDO+HQFHWKHIRUPDWLRQRILQWHUPHWDOOLF
SKDVHVDQGFUDFNVGHFUHDVHV
$FNQRZOHGJHPHQWV
7KHMRLQWUHVHDUFKSURMHFW'HYHORSPHQWRIODVHUEDVHGMRLQLQJWHFKQRORJLHVIRUGLVVLPLODUOLJKWZHLJKWVWUXFWXUHV
(QWZLFNOXQJ YRQ ODVHUEDVLHUWHQ )JHWHFKQRORJLHQ IU DUWXQJOHLFKH /HLFKWEDXNRQVWUXNWLRQHQ /DVHU/HLFKWHU LV
FRRUGLQDWHGE\5REHUW%RVFK*PE+KHOGE\9',7HFKQRORJLH]HQWUXP*PE+DQGIXQGHGE\WKH*HUPDQ)HGHUDO
0LQLVWU\RI(GXFDWLRQDQG5HVHDUFK%0%)
)XUWKHUPRUHWKHDXWKRUVZRXOGOLNHWRWKDQNWKHSURMHFWSDUWQHUVDQGWKHSURMHFWFRPPLWWHHPHPEHUFRPSDQLHV
DVZHOODVWKHLUUHSUHVHQWDWLYHVIRUVXSSRUWLQJWKHSURMHFWDQGIRUWKHLUJRRGFRRSHUDWLRQ


 Oliver Seffer et al. /  Physics Procedia  83 ( 2016 )  383 – 395 395
5HIHUHQFHV
$LFKHOH*9HUVFKZHLHQYRQ$OXPLQLXPPLW6WDKO,QGXVWULHEHGDUI
$SSHO/ &UDPHU+  3ODVWLVFKHV )JHQ YRQ 0LVFKYHUELQGXQJHQ PLW VSH]LHOO NRQWXULHUWHU .HJHOJHRPHWULH 6FKZHLHQ XQG
6FKQHLGHQ
$UQGW%+DDJH60DUNXV68PIRUPWHFKLVFKH+HUVWHOOXQJNRPSOH[HU.DURVVHULHWHLOH6SULQJHU
%GJDP6 )UHLWDJ9 +DKQ2 0LFKDHO5  )JHV\VWHPRSWLPLHUXQJ IU 0LVFKEDXZHLVHQ LP .DURVVHULHEDX $XWRPRELOWHFKQLVFKH
=HLWVFKULIW$7=
&RXQFLORIWKH(XURSHDQ8QLRQ  &RXQFLO GHFLVLRQ RI 'HFHPEHU FRQFHUQLQJ WKH FRQFOXVLRQ RI WKH 8QLWHG1DWLRQV )UDPHZRUN
&RQYHQWLRQRQ&OLPDWH&KDQJH(*
'RUQ/-DIDUL6+RIPDQQ)(LQ9HUJOHLFK]ZLVFKHQ/DVHUVWUDKOVFKZHLHQXQGO|WHQYRQ&U1L6WlKOHQ'96%HULFKWH'96
9HUODJ'VVHOGRUI
+RUVW)'LH/HLFKWEDXZHUNVWRIIHIUGHQ)DKU]HXJEDX6SULQJHU
-LDQJ:+ .RYDFHYLF5  )HDVLELOLW\ VWXG\ RI IULFWLRQ VWLU ZHOGLQJ RI 7 DOXPLQLXP DOOR\ ZLWK $,6, VWHHO -RXUQDO RI
(QJLQHHULQJ0DQXIDFWXUH
-RVW5'LOJHU.(EHUGW&(LQVDW]GHU.7HFKQRORJLHEHL'DLPOHU&KU\VOHU-RLQLQJLQ$XWRPRWLYH(QJLQHHULQJ$XWRPRWLYH&LUFOH
,QWHUQDWLRQDO%DG1DXKHLP)UDQNIXUW*HUPDQ\
.DLHUOH6 3IHLIHU5 6HIIHU2 6FKLPHN0 %|V- %ROFKRXQ$  /DVHUVWUDKOVFKZHLHQ YRQ 6WDKO DQ $OXPLQLXP PLWWHOV
VSHNWURVNRSLVFKHU.RQWUROOH GHU (LQVFKZHLWLHIH XQG HUK|KWHU $QELQGXQJVEUHLWH GXUFK ]ZHLGLPHQVLRQDO DXVJHSUlJWH 6FKZHLQlKWH )LQDO
UHSRUW$L)).==1)RUVFKXQJVYHUHLQLJXQJ$XWRPRELOWHFKQLN)$7)$76FKULIWHQUHLKH
.DOODJH3 /DVHUVFKZHLHQYRQ0LVFKYHUELQGXQJHQDXV$OXPLQLXPXQGYHU]LQNWHP VRZLHXQYHU]LQNWHP6WDKO'LVVHUWDWLRQ*RWWIULHG
:LOKHOP/HLEQL]8QLYHUVLWlW+DQQRYHU3=+9HUODJ*DUEVHQ
/DX. 1RQYDNXXP(OHNWURQHQVWUDKOIJHQYRQEHVFKLFKWHWHQ6WDKOIHLQEOHFKHQXQG6WDKO$OXPLQLXP0LVFKYHUELQGXQJHQ'LVVHUWDWLRQ
*RWWIULHG:LOKHOP/HLEQL]8QLYHUVLWlW+DQQRYHU3=+9HUODJ*DUEVHQ
0LFKDLORY9* 'R\QRY1 3IHQQLJ7 'HJHQ0 2VVHQEULQN5  6LPXODWLRQVJHVWW]WH (QWZLFNOXQJ HLQHU $OXPLQLXP6WDKO
6FKZHLNRQVWUXNWLRQHLQHV6OLFHUPHVVHUVIUGLH/HEHQVPLWWHOYHUDUEHLWXQJ'96%HULFKWH'969HUODJ'VVHOGRUI
0OOHU0 :DOOPDQQ& /DXNDQW+ *ODW]HO8  3UR]HVVWROHUDQ]HQ GHV IOXVVPLWWHOIUHLHQ /DVHUVWUDKOVFKZHLO|WHQV 6FKZHLHQ XQG
6FKQHLGHQ
1RWKGXUIW66SULQJHU$.DLHUOH65RVV-6WRQLV0/DVHUVROGHULQJDQGEUD]LQJRIVWHHODOXPLQXPVKHHWVIRUWDLORUHGK\EULGWXEHV
-RXUQDORI/DVHU$SSOLFDWLRQV
6FKLOI0:LVFKKXVHQ%7KRP\&9ROOHUWVHQ)0HWVFKNRZ%$QVlW]H]XP/DVHUVWUDKOIJHQIU$OXPLQLXP6WDKO9HUELQGXQJHQ
LP6FKLIIEDX'96%HULFKWH'969HUODJ'VVHOGRUI
6FKLOOLQJ&6WURPEHFN$$OXPLQLXPXQG(GHOVWDKOYDNXXPGLFKWUHLEUKUVFKZHLHQ%OHFK,Q)RUP
6LHUUD* 3H\UH3 'HVFKDX[%HDXPH) 6WXDUW' )UDV*  6WHHO WR DOXPLQLXP NH\KROH ODVHU ZHOGLQJ 0DWHULDOV 6FLHQFH DQG
(QJLQHHULQJ$
6WDXEDFK0 -WWQHU6 )VVHO8 'LHWULFK0  )JHQ YRQ 6WDKO$OXPLQLXP0LVFKYHUELQGXQJHQ PLW HQHUJLHUHGX]LHUWHQ 06*
9HUIDKUHQXQG=XVDW]ZHUNVWRIIHQDXI$OXPLQLXPXQG=LQNEDVLV6FKZHLHQXQG6FKQHLGHQ
7KRPDV'0DUNR0*HUVRQ0.OHEHQXQG+\EULGIJHQYRQ/HLFKEDXVWUXNWXUHQIUGHQ$XWRPRELOEDX$GKlVLRQ.OHEHQ	'LFKWHQ

7KRP\&9ROOHUWVHQ)0|OOHU):DOWKHU57KHUPLVFKHV)JHQYRQ0LVFKYHUELQGXQJHQ/DVHU$QZHQGHUIRUXP/$)%UHPHQ
:DWDQDEH77DND\DPD+<DQDJLVDZD$-RLQLQJRIDOXPLQLXPDOOR\WRVWHHOE\IULFWLRQVWLUZHOGLQJ-RXUQDORI0DWHULDOV3URFHVVLQJ
7HFKQRORJ\
